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ABSTRACT

The purpose of this study is to assess the capability of next-generation interferometric synthetic aperture radar
(InSAR) satellite data and processing techniques to improve remotely-sensed ground truth associated with seismic
source location, depth, and characterization.  Initial project work has focused on the implementation of InSAR time
series algorithms and their application to European Remote Sensing (ERS) synthetic aperture radar (SAR) data
already in-hand.  In an approach utilizing an ensemble of interferograms and singular value decomposition solution
methods, a set of interferograms is used to construct a history of time-varying deformation, e.g., seasonal
centimeter-scale subsidence variations superimposed on long-term constant subsidence rates.  In addition, a coherent
scatterer technique may be used to separate undesirable phase contributions from sub-centimeter deformation
signatures on isolated coherent InSAR pixels.  These time series approaches show promise in improving the signal-
to-noise (SNR) ratio in data sets with atmospheric and decorrelation noise sources.  The new Envisat satellite, with
its increased number of operating modes as compared with ERS, is also providing SAR data over regions of interest
to this study.  These new processing approaches and data will be applied to several nuclear test sites as well as to
moderate earthquakes used as calibration events; and their improvements documented.
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OBJECTIVES

The goal of this study is to assess new satellite SAR data and InSAR processing techniques for improvements to
current remotely-sensed ground truth (GT) collection capability for determining seismic source location, depth and
characterization.  Specifically, we are (a) applying InSAR time series analysis to sets of ERS and Envisat radar
interferograms, (b) evaluating SAR data from several new acquisition modes offered by the European Envisat
satellite, and (c) using InSAR results to constrain geophysical source modeling to improve determinations of seismic
source location, depth, and mechanism.

RESEARCH ACCOMPLISHED

This paper presents results derived as part of initial development of two InSAR time series techniques:  a linear
inversion of a database of interferograms and InSAR processing of isolated coherent scatterers.  Although results are
shown for Phoenix, Arizona, our ongoing work involves the application of these techniques to several target seismic
source regions throughout the world for which we possess ERS SAR data.  In addition, we will make use of several
new imaging modes available from the Envisat SAR satellite.

Linear Inversion of a Set of Interferograms

Recent InSAR research has focused on extracting time-variable deformation from a set of interferograms spanning
overlapping periods of times.  The result of these techniques is a history of deformation relative to a given reference
image date, at each of the subsequent SAR acquisition dates, and broadly applied to areas of generally good
coherence.

In developing a linear inversion solution based on least squares and singular value decomposition approach [Usai,
2001; Schmidt and Bürgmann, 2003], we invert 28 interferograms spanning 17 SAR acquisition dates (Figure 1,
refer to Gudipati, Buckley and Wilson [2004] for additional details).  The resulting 7-year time series (Figure 2 and
Figure 3) reveals seasonal variations believed to be related to groundwater fluctuations.  These subtle variations in
deformation over time reveal important geophysical information not readily accessible through comparison of
individual interferograms.

As part of ongoing work, 120 interferograms corresponding to 16 SAR acquisitions over the Nevada Test Site are
being reduced for use in the time series and coherent scatterer InSAR assessment.  A preliminary time series result
shows cumulative displacement over the Nevada Test Site from June 11, 1995, to June 16, 1997, (Figure 4).  The
synthetic interferogram was derived from 15 interferograms spanning six SAR acquisition dates.

InSAR Processing of Isolated Coherent Scatterers

In assessing InSAR time series techniques, we decided that developing a coherent scatterer InSAR processing
capability is important to the success of the project.  For the general application of InSAR, the variation of the
atmosphere over time and space results in artifacts masking deformation features.  In addition, the presence of
vegetation results in widespread decorrelation over time for C-band InSAR.  The purpose of coherent scatterer
InSAR analysis is to use several interferograms spanning different time spans to separate atmospheric delays from
surface deformation [Ferretti et al., 2001; Ferretti et al., 2000].  We utilize Phoenix data already in hand to create
full-resolution InSAR results for use in coherent scatterer algorithm development and application.

Coherent scatterer InSAR processing is performed on an irregular grid of interferogram pixels that remain coherent
over long periods of time.  A sequence of differential interferograms is created, each relative to the same reference
date.  In general, these interferograms cannot be unwrapped due to temporal decorrelation and large interferometric
baselines.  However, there remains a subset of sparse useable phase data associated with coherent subpixel
scatterers.

An initial set of coherent scatterers is identified from pixels with low radar backscatter dispersion over the stack of
SAR images (Figure 5).  For each initial coherent scatterer pixel, phase differences are formed with neighboring
coherent scatterers.  Relative (differences in) displacement velocities and height errors are estimated between pairs
of coherent scatterers by maximizing the single-pixel multi-interferogram correlation.  With the gradients estimated,
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the relative velocities, height errors and phases can be unwrapped (Figure 6).  Various high and low pass filters are
applied in time and space to separate atmospheric artifacts from nonlinear deformation.  The process is then repeated
to find additional coherent scatterers.

The benefit of coherent scatterer analysis is that it might have success in regions where conventional InSAR fails
due to temporal decorrelation.  The success of coherent scatterer InSAR depends, in part, on the density of coherent
scatterers in the area of interest.  Because of the determination and removal of the atmospheric phase contribution,
coherent scatterer InSAR has the potential to detect millimeter per year deformation rates.

New SAR Modes of Operation

As the successor to ERS, Envisat was launched in March 2002 with SAR data acquisitions available from
September 2002.  Envisat SAR characteristics include the following:

• spatial and radiometric resolution, sensitivity and ambiguity suppression similar to ERS
• improved orbits due to DORIS microwave tracking instrument (more accurate orbits will result in more accurate

and automated InSAR data processing relative to ERS)
• multiple polarizations, including an Alternating Polarization Mode, as compared with fixed polarization for ERS

(using an alternative polarization may provide improved InSAR coherence in certain locations due to different
scattering mechanisms)

• seven swaths ranging in incidence angles from 15 to 45 degrees

InSAR data from multiple satellite passes can be combined to constrain, reveal the spatial extent, and determine
more than the line-of-sight displacement associated with a deformation event captured in a set of interferograms.
For example, Fialko et al. [2001] reveal the three-dimensional coseismic displacement field of the October 1999
Hector Mine earthquake through the use of InSAR from descending and ascending satellite passes as well as from
the azimuth offsets determined as part of the registration of the SAR images used to form the descending pass
interferogram.  Peltzer et al. [1999] utilized the InSAR offsets and data from three adjacent satellite tracks to capture
the 170-km-long surface rupture associated with the November 1997 Manyi, Tibet earthquake.

Acquisitions from multiple SAR swaths can also provide valuable additional data for identifying subtle deformation
features or deformation rates that vary over time.  The overlap of adjacent SAR swaths affords the opportunity to
image a deformation feature at additional times.  The amount of overlap is determined by the SAR operating mode,
latitude of study site and how the SAR processing is implemented.  For example, for the fixed viewing geometry of
ERS, adjacent SAR swaths over Phoenix overlap by approximately one-third when processed to the full extent
possible in slant range.  More overlap occurs as satellite tracks converge at the poles.  In contrast, Envisat provides
flexible swath positioning at different incidence angles.  This is a powerful new capability relative to ERS, which
assures that a deformation feature of interest can be imaged by two adjacent tracks as well as on both descending
and ascending satellite passes.

A sample of Envisat SAR data over Hokkaido, Japan was used for developing and testing Envisat SAR and InSAR
processing capability (Figure 7).  We intend to use Envisat swath positioning to image deformation features of
interest from multiple satellite tracks.  This will greatly increase the amount of InSAR data available for use with
advanced InSAR processing techniques.  A detailed comparison will be made between previous ERS InSAR results
and new Envisat results to quantify the anticipated improvements to seismic event location and source mechanism
determination capabilities.

HISTORICAL PERSPECTIVE

It was recently demonstrated that InSAR can play a significant role in providing accurate GT for both seismic event
location calibration and discrimination purposes, and is especially valuable in denied or difficult-access regions.  For
example, InSAR has been applied to nuclear explosion monitoring efforts at LLNL by creating deformation maps of
the NTS and other nuclear test sites, as well as mine collapses and moderate earthquakes in the Middle East
[Vincent, et al., 1999; Vincent, et al., 2000; Swenson, et al., 2001; Vincent, et al., 2001; Walter, et al., 2001; Myers,
et al., 2002; Vincent et al, 2002; Walter, et al., 2002].  A review of InSAR and its technical challenges follows.
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Differential Interferometry

SAR is an active microwave coherent (phase preserving) imaging remote sensing instrument.  Typical satellite SAR
can collect data along ~100 km imaging swaths on both ascending and descending satellite passes.  In differential
InSAR studies, the difference in the phases of nearly-coincident SAR images collected at different times are related
to surface topography as well as any deformation that may have occurred along the radar line-of-sight. The
deformation signature is isolated by removing the phase due to topography using either another interferogram that
contains only topographic phase information, or by using an independent digital elevation model to simulate the
topographic phase.

Differential InSAR has developed into a viable and valuable tool for measurement of earth-surface deformation
associated with natural and anthropogenic hazards such as seismic activity [Peltzer et al., 2001a; Sandwell et al.,
2000; Bürgmann  et al., 1998; Zebker et al., 1994] and subsidence associated with subsurface fluid withdrawal
[Bawden et al., 2001; Hoffmann et al., 2001; Galloway et al., 1998; Fielding et al., 1998].  InSAR scientific studies
have progressed from single interferogram investigations of line-of-sight deformation over a given time period
[Massonnet et al., 1993] to multi-interferogram reconstructions of three-dimensional displacements [Fialko et al.,
2001] and InSAR time series of continuous but variable deformation [Berardino et al., 2001].

InSAR Technical Challenges

The primary limitations of repeat-pass InSAR are temporal and geometric decorrelation, artifacts in the
interferogram as the result of atmospheric variations between acquisitions, and to a lesser degree, imprecise
knowledge of the interferometric baseline [Table 1, Sandwell and Sichoix, 2000]. Temporal decorrelation occurs
when individual scatterers within a pixel are rearranged or move incoherently by a distance on the order of the radar
wavelength or greater between acquisitions.  At the ERS C-band 6-cm wavelength, urban areas are generally well-
correlated but widespread decorrelation is observed in vegetated areas. At longer wavelengths, e.g., L-band,
vegetation penetration is possible and results in more coherence in lightly vegetation areas, although cultivated
agricultural fields still decorrelate over time.  Geometric decorrelation is a result of the direct relationship between
the interferometric baseline and the maximum correlation between the SAR images, i.e., at the critical baseline, the
maximum correlation decreases to zero.  For ERS, the critical baseline is ~1100m, with a practical baseline limit of
~400m for conventional InSAR applications.

Atmospheric artifacts are associated with variations in the ionosphere and troposphere, with spatial and temporal
variations in water vapor typically being the largest source of error.  These variations occur on many spatial scales,
from kilometer-scale artifacts that appear similar to localized subsidence features, to large-scale phase ramps
spanning much of the interferogram.  Imprecise knowledge of the baseline results in similar broad-scale residual
phase ramps across the flattened interferogram.  However, these phase ramps can be removed with a few
topographic or deformation control points distributed across the image.

Differential interferograms contain the deformation signature of interest as well as several other contributions, such
as residual topography and atmospheric artifacts.  For differential interferogram phase signatures greater than a
cycle and spatial extent less than the size of the interferogram, visual inspection of a few interferograms can be used
to confirm that the signature is surface deformation.  In other words, phase signatures that are persistent across
several independent interferograms are likely related to deformation.  For analyses of many interferograms and more
subtle and complex deformation (e.g., mm- to cm-scale interseismic displacement or time-varying subsidence), these
ad-hoc qualitative comparisons are neither satisfying nor tractable.

CONCLUSIONS

InSAR time series approaches have several advantages when compared with the ad-hoc consideration of individual
interferograms.  Shorter period interferograms in the time series analysis results in useful cumulative deformation
measurements at pixels that otherwise decorrelate in a single or few longer period interferograms spanning the total
period of the time series.  We are working on various interferogram weighting schemes to take into consideration
phase noise associated with decorrelation and height error propagation for each interferogram to better address the
contribution of noisy interferograms in the solution process.  The use of the coherent scatterer InSAR processing
provides a means to isolate differential interferometric phase signatures (deformation, atmospheric artifacts,
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topographic phase residuals due to digital elevation model height errors) on a subset of pixels in an otherwise noisy
set of interferograms.  This allows for the detection of millimeter-level deformation signals over time.
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Figure 1.  Distribution of Phoenix interferograms used in linear inversion [from Gudipati, Buckley and
Wilson, 2004].

Figure 2.  Cumulative subsidence since May 21, 1993 in Glendale near Phoenix.  Black corresponds to areas
of decorrelation. [from Gudipati, Buckley and Wilson, 2004].
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Figure 3.  Mean subsidence near the maximum observed subsidence of feature B.  Mean computed along
profile EE’ in Figure 2.  Error bars correspond to one standard deviation phase error mapped from
correlation and digital elevation model height error [from Gudipati, Buckley and Wilson, 2004].

Figure 4.  Preliminary time series result showing cumulative displacement over the Nevada Test Site from
June 11, 1995 to June 16, 1997.  One cycle through color wheel represents 5 cm of radar line-of-sight
displacement.
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Figure 5.  Initial coherent scatterers identified in Scottsdale near Phoenix.

           

Figure 6.  Sparse unwrapping result for a single coherent scatterer observed in a preliminary set of Scottsdale
interferograms.  Coherent scatterer velocity and height error estimated as 3 mm/yr and 3 meters,
respectively. (a) Coherent target interferogram phases after removal of height error phase
contribution.  Red is estimated velocity phase contribution.  (b) Coherent scatterer interferogram
phases after removal of estimated velocity phase contribution.  Red is estimated height error phase
contribution.  Large phase dispersion likely due to residual phase ramps in preliminary
interferograms.  Refinement of interferograms will lead to improved estimates and smaller phase
dispersion.

                                               (a)                                                          (b)
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Figure 7.  Hokkaido, Japan Envisat flattened interferogram spanning August 24 to September 28, 2003.
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